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ABSTRACT 

A  model  laser  surgical  probe  was  designed  ad  built  to  employ  laser  induced  breakdown  (LIB)  in 
cutting  fibrovascular  membranes  widiin  the  vitreous  cavity  of  the  eye.  Current  surgical  techniques  for 
removing  such  memlvanes  from  eyes  widi  severe  proliferative  diabetic  retiiMqMthy  or  similar  proliferative 
retinopadiies  involve  cutting  the  memlxanes  wifo  microscissors  or  odier  micro-cutting  devices.  The 
mechanical  movemat  of  scissor  blades  may  damage  adjacat  tissues  directly  or  by  shearing  ad  tractiotL 
A  laser  cutting  system  that  uses  qrtical  breakdown  would  reduce  such  mechanical  danuge  but  m^ 
introduce  collateral  laser  damage. 

The  probe  is  a  sinqtle  design  of  a  gradient  index  ((^IN)  lens  attadied  to  the  tip  a  multimode 
fibn.  It  is  designed  to  fit  dmugh  a  sclerotomy  incision  ad  ater  foe  vitreous  cavity  for  work  anterior  to 
foe  retina.  The  laser  light  is  focused  close  to  foe  tip  of  foe  probe  without  causing  GRIN  lens  damage. 
Thus  a  widely  divergat  beam  behind  foe  focus  will  diminish  potatial  laser  damage  posterior  to  the  target 
tissue. 


A  Nd:YAG  1064  nm  10  ns  pulsed  laser  was  used  wifo  foe  probe  inserted  into  a  cell  of  tap  water. 
Threshold  data  for  laser  induced  breakdown  was  taken  ad  fit  to  a  probit  curve.  The  data  was  conpared 
wifo  past  LIB  foreshold  data.  The  radiat  exposure  versus  distance  frnn  the  probe  was  plotted  via  spot 
size  measuremats.  This  measurement  gave  a  rough  indication  of  the  distance  foe  probe  must  remain 
from  foe  retina  to  be  well  below  retitud  maximum  permissible  exposure  (MPE)  levels.  In  vitro  foreslxrld 
measurements  of  bovine  vitreous*  were  taken  ad  conqrared  to  foe  wata  foreshold.  Finally,  collaga 
membranes  were  lased  wifo  foe  probe  to  demonstrate  its  functional  application. 

2.  INTRODUCTION 

The  surgical  treatment  of  may  vitreoretinal  diseases  involves  removal  of  membranes  or  vitreous 
strads  overlying  foe  surface  of  the  retina.  C^urrent  techniques  use  mechanical  micro-cutting  devices  to 
sever  foe  attachments  of  foese  membranes.  Despite  significat  advacemats  in  tedmiques  and 
instruments,  foe  mechanical  movemat  of  scisstx  blades  or  aspirating-cutting  systems  may  damage 
adjacat  tissues  directly  or  through  shearing  ad  traction  forces.  This  study  is  concerned  wifo  develrping 
a  laser  delivery  system  wifo  a  microfocusing  probe  placed  wifoin  foe  vitreas  cavity  for  laser  atting  of 
ribrovasalar  membraes  or  vitreous  strands  during  vitreoretinal  surgery.  The  gradient  index  lens  ((SIN, 
SELFOC,  Nippon  Sheet  Glass,  Inc.)  was  evaluated  for  microfocusing  to  at  membranes  by  either  UB  or 
direct  irradiace  of  tissue.  We  chose  to  evaluate  foe  potatial  for  laser  induced  breakdown  (LIB)  using 
this  prtfoe  system.  GRIN  lenses  have  bea  utilized  in  medicine  as  ccanponents  of  endoscopic  systoas^  in 
laser  delivery  fOT  retinal  photocoaguladon^  ad  in  laser  angitqtlasty^,  however,  foese  tpplications  did  not 
involve  LIB. 

LIB  of  tissue  has  bea  used  effectively  in  ophthalmic  surgery  for  puncturing  foe  opaque  posterior 
ctpsule  (ctpsulotomy)  after  cataract  surgery,  puncturing  foe  iris  to  relieve  intraocular  pressure  (iridotomy) 
in  glacoma,  ad  severing  opaque  strands  or  sheets  wifoin  foe  aterior  vitreas  humor^.  In  foese 


0-8194-U1 9-0/94/56.00 


SPIE  Vo/.  2126  Ophthalmic  Technologies  IV  (1994)  /  29? 


procedures,  die  laser  source  is  external  to  the  eye  widi  pupil  size  and  the  refractive  power  of  the  cornea 
and  lens  playing  an  inqwrtant  role  in  die  location  of  the  focus  of  the  laser  light  Beca^  the  laser  light  is 
focused  in  the  antnior  porticm  of  the  eye,  lower  irradiance  in  the  posterior  segment  decreases  die  damage 
potential  to  the  retina.  External  delivery  systems  for  LIB  are  not  currendy  used  in  the  operating  room  for 
vitreoretinal  surgoy. 

Several  laser  techniques  have  previously  been  evaluated  for  intraocular  membrane  cutting  and 
removal.  Such  techniques  have  utilized  etbhim-YAG^  and  holmium-YAG''  with  fiberoptic  focusing  fn 
membrane  ablation  by  direct  irradiance.  Others  have  utilized  pulsed  laser  with  focusing  fiberc^tic  for 
LIB^  and  in  some  cases  for  transection  of  intraocular  membranes^ 

One  problem  with  these  laser  treatments  is  the  potential  for  damage  to  die  underlying  retina  and 
retinal  pigment  epidielium  both  of  which  may  be  less  than  SOO  pm  posterior  to  the  membrane.  Damage 
can  occur  from  transmitted  laser  energy  which  is  absorbed  in  the  underlying  sductures,  thenrud  heating 
adjacent  to  treatment  site,  gas  expansion  and  movement,  or  a  shifting  of  plasma  formation  site.  A 
microfocusing  probe  placed  with^  the  vitreous  may  decrease  retinal  damage  I9  providing  better 
localization  of  plasma  (in  the  case  of  LIB)  or  better  energy  delivery  (in  the  case  of  direct  irradiance)  with 
steeper  convergence  and  thus  wider  divergence  beyond  die  focal  area.  Laser  wavelength  could  also  be 
selected  to  diminish  transmission  of  energy  through  the  vitreous  and/or  diminish  retinal  and  RFE 
absorption.  Pulsed  laser  may  be  utilized  for  IJB  widi  the  potential  for  less  dierma]  damage  adjacent  to  the 
treatment  site  and  for  plasma  shielding  from  optical  br^down.  The  use  of  LIB,  however,  adds  the 
hazard  of  gas  formation  and  cavitation  effects. 


3.  LASER  INDUCED  BREAKDOWN 


Laser  induced  breakdown  is  a  process  by  which  atoms  are  ionized  and  a  plasma  of  quasi-free 
electrons  and  i<»s  is  created.  In  optical  breakdown,  ionization  is  induced  by  optical  absorption  and  lasts 
jqqnoximately  the  durati(»i  of  the  pulse  creating  it  Witii  LIB  in  liquid,  tiiere  is  plasma  expansion,  where 
optical  absorption  produces  supoheating,  further  ionization,  valorization  of  non-ionized  liquid  and 
thenrud  expansion.  Second,  there  is  plasma  collapse,  where  cooling  produces  plasma  emission  in  the 
form  of  a  spark,  liquid  vaporization  at  the  plasma  edge,  and  electron-ion  recombination.  Third,  resulting 
from  the  plasma  expansion,  hypersonic  shock  waves  propagate  tiirou^  die  media.  Finally,  resulting  from 
the  plasma  colkqise,  a  caviation  bubble  forms  and  collapses  during  cooling.  The  cavitation  bubUe 
collqise  causes  snudl  but  visible  bubbles  to  stream  frcan  die  breakdown  site. 

UB  initiation  occurs  by  one  of  two  ionization  mechanisms,  avalanche  or  multiphoton. 
Avalanche  ionization  occurs  when  a  seed  electron  ^isorbs  photons,  accelerates,  and  frees  bound  electrais 
collisional  ionization.  These  electrons  in  turn  acceloate  and  free  more  electrons,  and  the  process 
cascades  into  a  volume  of  plasma.  Avalanche  ionization  is  likely  to  occur  in  die  ns  time  regime  ii^iere  die 
pulse  is  relatively  long,  compared  to  the  collisional  ionization  time,  and  present  in  the  lens  focal  region 
for  an  extended  period  of  time  for  the  cascade  to  propagate.  This  mechanism  is  highly  inqiurity 
dependent  Multiphoton  ionization  occurs  when  each  bound  electron  is  freed  by  absorptitm  of  multiple 
photons.  Each  electron  acts  independendy  and  no  particle  interactions  are  needed.  Multqhoton 
ionization  is  likely  to  occur  in  the  fs  time  regime  and  a  transition  between  the  two  processes  occurs  the  ps 
time  regime.  With  multiphoton  ionization,  electrons  are  stripped  and  ions  are  created  simultaneously 
with  very  litde  inqnirity  concentration  dependence.  Pulse  irradimces  in  die  fs  regime  are  sufficiendy  high 
enough  to  irmize  water  molecules  by  multiphoton  ionization  widi  litde  regard  for  the  readfly  available 
electron-donating  inqiurities'*’. 


292 /SPIE  Vo/.  2/26  Ophthalmic  Technologies  IV  (1994) 


4.  DEVICE  DESIGNS 


4.1  Probe  1  Deiign 

The  pfelimiiiiiy  design  tested  the  feasibility  of  achieving  LIB  widi  die  laser  light  coupled  ditecdy 
into  a  1.8  mm  diameter  0.23  pitch  CXIN  kas  (probe  1).  This  pmliminaty  design  was  used  to  lonove  the 
conqiiicatiaiis  invdved  widi  coupling  li^  into  die  fiber  and  fim  die  Gba  throu^  the  CHUN  lens. 

4.2  Probc2Dcdgii 

Tlw  second  iteration  <tf  design  yielded  a  CKIN  multimode  fiber  probe  (probe  2).  This  sinqile 
design  consisted  of  a  1.8  mm  diameter  0.23  pitch  CKIN  lens  attached  to  a  tapered  fiber  (made  by 
Hberguide,  Inc.).  The  fiber  tapers  from  200  pm  catc/220  pm  cladding  to  100  pm  core/llO  pm  cladding. 
An  air-tight  outer  metal  flange  sunounds  die  lens  and  fiber  to  preserve  the  distance  between  the  fiber  and 
lens  and  to  provide  support  There  is  an  air  gap  between  the  fiber  and  kas  to  maintain  die  proper 
working  distance  of  the  device. 

4J  GRINknaadectkia 

CHUN  knaes  bead  li^t  in  a  manner  similar  to  conventional  leases,  however,  they  use  a 
difietence  in  index  of  lefiaction  widiin  die  lois  rather  than  a  difkteace  in  axial  diickness  of  die  kns 
(Snell's  Law)  to  bead  die  li^t  (Rgnte  1).  Therefore,  die  focusing  d  the  CHUN  kns  is  not  dqiendent  on 
the  diameter  of  die  kns  and  die  kns  can  be  made  very  smaU.  The  index  ci  refraction  of  the  CHUN  kns  is 
defined  as  follows. 

N(r)  -  Nod  -  -r^)  (1) 

2 

edwre  r- radial  distance  frmn  optical  axis 
A  -  gradkat  constant  (squared) 

Nq- r^ractive  index  at  optical  axis 

For  most  applications,  die  refractive  index  decreases  radially  from  the  optical  axis.  Bodi  A  and  Nq  are 
dqiendent  on  wavekngdi. 


Cylindrical  GRIN  Lens 


Figure  1:  Conventkmal  kns  va  GRIN  Leas  (2>Dvlew  from  side) 


Light  travels  dmugh  die  CHUN  kns  sinusoidally  according  to  the  pitch  Imgtfa  of  the  kns  (Figure 
2).  The  pitch  is  the  optical  length  of  the  kns.  A  pitch  kngdi  equal  to  one  is  defined  as  die  lengdi  it  takes 
the  light  to  conqilele  <me  cyck  wtuk  traveling  doough  die  kns.  For  exanqile,  a  half  pitch  kns  win  focus 
and  recollimate  light  diat  is  collimated  iqioa  entering  the  lens  and  a  quarter  pitdi  kns  wifi  focus 
collimated  light  at  the  front  face  of  the  lens.  The  actual  lengdi  of  die  lens,  Z  is  related  to  the  pitch,  P  as 
follows. 


Z  - 


2tf 

Va 


(2) 
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Collimated 

Li^t 


l/2Htch 


Collimated 

Light 


1/4  Pitch 


Figure  2:  CnMSsectiooofGRIN  lens  showing  diflteeiitiritclies 


The  woddng  distance  of  the  lens  or  lens  to  image  distance,  Ljis  defined  as  dte  (finance  fimn  die 
hiigif  surface  of  tbe  lens  to  die  focal  point  The  object  to  kns  distance,  L,  is  defined  as  die  distance  from 
the  source  (in  this  case  die  fiber)  to  tte  lens.  These  distances  are  related  as  follows. 


Lj 


NqLi-i^cos-^ 
NgL]  VAsin^AZ 


•f  sinVAZ'^ 
-  cosVaZ  ^ 


(3) 


Equadon  (3)  (Knits  consideration  of  die  abenatitxis  which  cause  die  focal  vtilume  to  qxead  and  move.  In 
ad^tkm,  it  assumes  the  refractive  index  at  the  input  and  onqiut  of  die  lens  is  1.0.  In  our  case  die  index  of 
refraction  at  die  output  face  of  die  (HUN  lens  is  1.3.  Using  a  matrix  raytracing  program,  we  have 
(sedicted  diat  die  fo^  point  will  move  frirther  away  from  the  lens  dian  diat  predicted  by  equation  (3). 

The  numerical  aperture  of  a  las  is  die  sine  of  die  half  angle  of  die  acceptance  cone.  The 
acceptance  cone  is  the  area  diat  will  best  transmit  li^t  through  die  leas.  Fbr  a  GRIN  lens,  the  numerical 
qiertnie  is  maximum  at  die  optical  axis  and  decreases  with  distance  from  die  axis.  The  numerical 
aperture  at  the  optical  axis  is  calculated  as  foQows. 


NA^  -  sin0|*-  ^ANJi^  (4) 

where  rg  -  radius  of  the  las  (mm) 

Standard  GRIN  lenses  are  available  widi  three  differat  numerical  qiertures,  0.37,  0.46,  ad  0.60 
corresponding  to  standard  (S),  wide  (W),  and  high  (H)  firid  view.  The  numerical  tqiertures  will  vary 
sli^dy  widi  wavekngdL 

The  magnificatia  of  tbe  lens  is  die  ratio  of  image  size  to  object  size.  For  a  CHUN  lens,  die 
magnificatia  is  calculated  as  follows. 


M 


iNgl^A-t-l 
^Njl^A  +  l 


(5) 


The  magnificatia  will  also  change  if  the  indices  of  tefractkn  at  the  frat  and  back  surface  are  not  1.0. 

A  more  conqikte  desciiptia  of  (HUN  lenses  ca  be  found  in  die  NSG  Reference  Maual*‘  ad 
"Selected  Ftpos  a  Qradiat-Index  Optics"*^. 


For  probe  2  design,  we  will  take  die  fiber  core  size  to  be  tbe  object  size.  Hence,  die  qxK  size  at 
die  focus  of  die  probe  is  determined  by  the  fiber  size  and  the  distances  betwea  die  fiber  and  lens.  A 
naagnificatia  of  0  J  was  chosa  to  achieve  minimnm  q)ot  size  widiin  the  limitations  (rf  optimal  object  to 
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lens  and  lens  to  image  distances  for  our  application.  At  lower  magnification,  the  numerical  aperture  of 
the  lens  will  prohilnt  efficient  coupling.  At  higher  magnification,  large  energies  are  required  to 
breakdown  the  media  due  to  the  large  spot  size.  a  magnification  of  0.5,  the  foUowing  distimces  are 
calculated  for  various  pitches  from  equation  (3)  and  (5). 


Table  I:  Object  and  image  distances  for  varioas  pitches 


Pitch 

0,23 

0,25 

0,29 

L,(iiim) 

4.09 

3.82 

3.45 

1.23 

0.98 

0J4 

The  pitch  was  chosen  by  the  following  considerations.  I%st,  L,  must  be  kqK  large  enou^  to 
avoid  damage  to  dte  GRIN  lens.  Sectmd,  L,  must  be  kq>t  smaU  oiough  so  aU  die  divergent  light  will  fill 
die  entire  area  of  die  lens.  In  (Mxler  to  fill  die  oitiie  area  of  the  lens,  the  following  must  hold  true. 


L,tan(sin‘*(N.  A.))  <  .35d  (6) 

udKte  N.  A.  output  numerical  tpnature  of  die  fiber 
d  -  diameter  of  the  GRIN  lens 


Widi  a  fiber  output  numerical  iqiertiite  of  022,  the  0.29  pitch  will  provide  die  best  coupling  at  L,  for  die 
manufacturer's  recommended  60%-70%  of  die  lens  face.  However,  damage  to  die  lens  is  a  more  pressing 
consideration  in  our  design.  Therefore,  a  0.23  pitch  lois  was  chosen  for  die  probe. 


4A  Fiber  Sdection 

The  irradiance  needed  for  breakdown  of  die  vitreous  is  calculated  from  die  ^t  size,  the  pulse 
duration,  and  the  enogy.  In  order  to  achieve  breakdown,  we  have  to  balance  minimum  qiot  size  and  the 
damage  threshold  of  the  fiber.  The  damage  dneshtdd  of  the  fiber  is  calculated  as  follows*’. 


E.440d-»t-’  (7) 

nhere  d- fiber  diametn  (mm) 
t  •>  pulse  duratitm  (s) 


Past  data  taken  on  LIB  have  given  irradiance  levels  required  to  adiieve  breakdown  in  various 
media.  Due  to  the  probabilistic  nature  of  LIB,  diese  levels  are  usiully  rqxnted  as  eidier  a  50%  or  1(X)% 
probability  for  taeakdown.  Docchio,  et  al.*^  have  reported  the  100%  probability  irradiance  threshold  rf 
breakdown  for  various  pulse  durations  and  qiot  sizes.  Widi  a  magnification  of  0.5  as  specified  above,  we 
chose  the  fiber  that  had  the  highest  damage  threshold  and  lowest  breakdown  tiireshold.  Table  n  tabulates 
die  breakdown  of  tap  water  and  damage  dnesholds  for  spot  sizes  similar  to  diose  we  are  interested  in. 
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Table  n:  Breakdown  Thretholds  Reported**  and  Damage  Thresholds  Calculated*^ 


Pulse  Duratioo 
(ps) 

SpotSiae 

(d,pni) 

Breakdown 

threshold 

(mj) 

FRiersize 

(pm) 

Damage 

threshold 

(mJ) 

Coupling 
efficiency  needed 

7000 

50 

0.55 

100 

4.13 

133% 

tapered 

7.98 

6.9% 

7000 

94 

2J2 

200 

7.98 

31.6% 

7000 

350 

20.20 

600 

22.66 

89.1% 

220 

45 

0.90 

100 

0.73 

- 

tapered 

1.42 

63.4% 

220 

120 

0.68 

200 

1.42 

473% 

30 

45 

0.33 

100 

0.27 

. 

tapered 

0.52 

633% 

30 

120 

0.17 

200 

0J2 

32.7% 

The  table  indicates  with  a  reasonable  amount  of  coupling,  we  can  build  a  fiber/lens  probe  for  a 
laser  with  7  ns  pulse  duration  for  a  200  pm,  100  pm,  or  200/100  pm  tapered  fiber.  However,  the  coiq>ling 
efficiency  needed  for  the  600  pm  fiber  is  not  realistically  achievable.  For  the  220  ps  pulse  duration,  high 
coupling  efficiency  is  required  for  the  tapered  and  200  pm  fibers.  The  damage  dueshold  of  the  100  pm 
fiber  is  greater  d>an  die  breakdown  threshold,  so  100  %  breakdown  is  physically  unattainable.  The  values 
for  the  efficiency  needed  for  30  ps  are  similar  to  those  of  220  ps. 

Upon  exiting  the  fiber,  the  laser  light  has  a  cone  of  divergence  from  its  core  diameter.  The  cone 
of  divergence  relates  to  the  numerical  a^ierture  in  die  same  way  that  the  cone  of  accefkance  relates  to  the 
numerical  aperture  of  a  GRIN  lens.  In  order  to  optically  match  die  fiber  to  the  lens  the  numerical  aperture 
of  the  lens  has  to  be  equal  to  or  exceed  the  numerical  aperture  of  the  fiber.  The  output  numerical  aperture 
of  die  fiber  is  0.22.  The  numaical  aperture  of  a  type  W  GRIN  lens  is  0.46.  Therefore,  the  lens  will 
gadier  all  the  output  light  of  the  fiber  as  long  as  the  fiba  and  lens  are  within  the  distances  listed  above. 
The  primary  considerafitm  in  the  design  is  the  light  loss  due  to  the  large  distance  between  the  fiber  and 
the  lens. 


Figure  3  shows  a  diagram  of  die  fiber  probe.  Figure  4  shows  a  photogrqih  of  die  fiber  probe. 


Outer  Ferrule  Air  Gap 


Tubing  (.6  mm) 


Core  (.1  mm) 
Cladding  (.11  mm) 


Lens  (d»1.8  mm) 


4.1  mm  4.4  mm 

1.23  mm 


Inner  Ferrule 

Figures:  Diagnunoffiber  probe  (Drawing  not  to  scale) 
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Fiber 


Outer  Ferrule 


i 


Inner  Ferrule 
Outer  jacket 

Figai«4:  Picture  of  FB>cr/&in  Probe 


GRIN  lend 


The  fonowing  is  a  summaiy  of  dte  SELFOC  nocxo  kns  and  fiber  characteristics  chosen. 

GRIN  Lens  characteristics: 

No- 1.5940 
Va  -  0  J29  mm*^ 

P-0.23 
Z  -  4.39  mm 
M-OJ 
L}-  1J3  mm 
L|  -  4.09  mm 
N.  A. -0.46 

Fiber  characteristics; 

Multimode  graded  index  tapered  fiber 
input  cote  diameter  -  200  )im 
irqnit  cladding  diameter  -  220  pm 
ouqxitcotediametCT-  100  pm 
output  cladding  diameter  - 100  pm 
Output  N.  A.  -  0.22 
Input  N.  A. -0.11 
Acrylate  jacket 

5.  EXPERIMENTAL  SETUP 

The  optical  setup  for  ptxrbe  2  is  shown  in  Hgnre  5.  Two  different  lasers  ate  used  for  dte  different 
pulse  durations  required.  The  ultrasbort  pulse  laser  ^stem,  described  by  Cain‘S,  ptodnces  80  ps  poises  at 
1064  nm  and  variable  (single  shot  to  10  Hz)  pulse  rqtetttKm  frequency.  This  system  was  used  to  record 
die  spot  sizes  widi  die  knife  edge  measumnent  te^mqoe  described  in  section  6.3.  In  addition,  diis 
system  will  be  used  to  test  the  probe  widi  picosecond  pulses.  The  Spectta-Fl^sics  DCR-11  Nd:YAG 
produces  10  ns  poises  at  1064  run  am)  variatrie  (single  shot  to  10  Hz)  pulse  rqietition  frequency.  The 
energy  output  of  eidier  laser  is  contrtdkd  widi  a  1/2  wave  plate  and  polariadion  cube.  The  energy 
detectors  used  were  eidier  ISO,  J25,  or  J4  Mdectron  detectors  ooq»t  to  a  Molectton  JD2000  Joolemeter 
Ratiometer.  The  light  is  aligned  dnough  two  apertures  widi  two  minors  to  control  the  x  position,  y 
position,  angle,  and  tilt  The  ratio  of  beamqilittn  BSl  is  B/Al.  Once  diis  is  calculated,  the  li^t  is 
focused  onto  the  SMAconnectorizedfiba' held  in  die  fiba’coq;>ler.  The  li^  is  focused  onto  die  coiqiier 
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with  different  lenses  depending  on  the  fiber  size.  The  fiber  and  lens  focus  the  light  tqjproximately  1.23 
mm  in  front  of  the  device.  The  coupling  effrciency  of  the  device  is  calculated  1^  multiplying  the  ratio  of 
detector  A2  to  detector  B  by  the  ratio  of  BSl.  The  energy  diat  enters  the  probe  is  found  by  multiplying  the 
inverse  beam^litter  ratio,  Al/B,  with  the  readings  from  detector  B.  The  energy  that  exits  the  probe 
immersed  in  die  cuvette  of  media  is  found  by  multiplying  the  coupling  effrckncy  the  energy  that  enters 
the  probe.  This  energy  must  remain  above  die  breakdown  threshold  for  laser  induced  breakdown. 

The  setup  for  probe  1  differs  only  slighdy  from  that  of  probe  2.  Light  from  the  laser  was 
recollimated  with  two  lenses  to  the  diameter  of  the  GRIN  lens  and  delivered  to  probe  1  with  the  ouqwt 
end  immersed  in  a  cuvette  of  tap  water.  Tap  water  has  been  shown  to  have  conqiarable  optical  properties 
to  vitreous'^.  Bovine  vitreous  is  also  used  for  comparison.  The  energy  that  enters  probe  1  is  found  in  a 
similar  manner  as  probe  2.  The  laser  is  then  puls^  at  increasing  energies  until  breakdown  is  achieved. 
The  breakdown  event  was  recorded  on  videotape  with  a  Hitachi  CCTV  Camera. 


MIX 


Beam  Stop  A 

_rTL_  .^lerture 


1. Q-SwitchedN±YAG 

1064  nm 
10  ns 

2.  Ultrashort-Pulse  Laser  System 

1064  nm 
80  ps 


1/2  Wave  Plate 


3  Cuvette  ■ 
_  J  Hber  Coupler 

o  Focusing  Lens 
'M'  Detector  A1 

BSl  /MU 

- Aperture 

- r  M2 


Polarization  Cube 


Figured;  Optical  Setup 


6.  RESULTS  AND  DISCUSSION 


6.1  Variations  in  Design 

The  design  fm  probe  2  presented  thus  far  should  give  LIB  whm  a  certain  doesbold  energy  is 
reached  providing  there  is  efficient  coupling  of  laser  light  into  the  fiber.  We  have  not  been  able  to  reach 
the  thresholds  for  breakdown  even  though  we  have  surpassed  the  theoretically  predicted  energies  needed. 
Therefore,  the  following  results  and  discussion  of  LIB  thresholds  were  taken  with  probe  1.  The  spot  size 
measurements  were  performed  on  the  both  probes.  We  believe  UB  is  attainable  with  probe  2,  providing  a 
nonlinear  mechanism  or  other  effect  of  passing  high  energy  through  the  fiber  is  preventing  breakdown. 
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62  Probit  Analysis 

Due  to  tbe  probabilistic  nature  of  LIB.  a  metiiod  of  calculating  the  tfaiesholds  for  breakdown 
based  upon  a  nonnal  distribution  of  data  points  is  needed.  Probit  analysis*''  is  one  means  of  calculating 
tile  protebOity  of  breakdown  versus  mergy  dose  delivered  to  a  cuvette  of  media.  Probit  curves  and 
fidu^  limits  were  conpited  on  Statistical  Analysis  System  (SAS).  Probit  curves  give  tbe  probability 
that  an  energy  dose  will  cause  breakdown.  The  probability  is  usually  reported  as  an  ED„  value  uiuch 
gives  tile  xx%  probability  that  a  certain  event  will  occur.  In  addition,  probit  analysis  gives  fiducial  limits 
of  the  probability  which  ex|»ess  the  confidence  limits  of  a  probability. 

6JA  Probit  curves  for  LIB  with  Probe  1  in  tap  water  and  vitreous 

Figure  6  shows  the  probit  curves  that  were  generated  from  the  LIB  threshold  values  measured  for 
tq>  water  and  bovine  vitreous  witii  probe  1.  The  95%  fiducial  limits  were  omitted  from  tiie  figure  for 
clarity.  Due  to  the  pulse  duration  of  tiie  laser,  tiie  area  of  tiie  plasma  fotmatioo  can  be  quite  large  and 
increases  witii  increasing  energy****’.  If  tiie  plasma  area  exceeds  qiproximately  2  mm  and  extends 
backward  to  touch  the  lens,  the  lens  will  be  dainaged.  Therefore,  in  orto  to  get  enough  data  for  a  probit 
analysis,  care  was  taken  not  to  exceed  the  damage  tiireshold  of  tiie  lens.  A  precise  damage  tiu^old 
measurement  was  not  taken  because  of  the  mimba  of  devices  at  our  disposal  but  it  was  found  to  be 
iqiproximately  4  mJ.  The  lens  was  viewed  under  a  microscope  following  measurements  to  insure  no 
damage  occimed  to  the  lens  during  the  experiment  Tbe  ED,,  values  for  tap  water  and  bovine  vitreous 
were  1.08  mJ  and  1.01  mJ,  respectively.  These  measured  tiuesholds  are  comparable  to  LIB  threshold 
measurements  done  in  the  pas^*. 


Energy  (J) 

Figure  ti:  Probit  Curves  fm:  tap  water  and  bovine  vitreous 
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Spot  size  calculatioiis 

In  order  to  get  a  true  measure  of  the  irradiance  of  the  plasma,  a  spot  size  analysis  was  performed 
with  both  probes.  The  spot  size  was  measured  by  scanning  a  knife  edge  through  the  transverse  axis  of  the 
beam  (y  direction)  at  different  points  along  the  longitudinal  axis  of  the  beam  (x  direction).  By  detecting 
and  recording  the  light  udiich  passed  the  knife  edge,  a  curve  representing  the  width  of  die  beam  was 
generated.  By  taking  clip  levels  of  16%  and  84%^,  we  obtained  the  1/e^  radius  of  the  beam  at  points 
along  the  longitudinal  axis  of  the  beam.  With  successive  iterations,  the  spot  size  was  found.  In  ad^tion, 
we  could  measure  the  radius  of  the  beam  at  any  distance  from  die  lens. 

An  Aerotecb  Unidex  11  Motion  Controller  was  used  with  a  resolution  of  0.1  pm  in  the  x 
direction  and  0.01  pm  in  the  y  direction.  The  spot  size  measurements  were  taken  in  air  and  wiU  be 
different  in  water  or  vitreous.  Future  testing  of  the  probes  will  involve  a  spot  size  determination  in 
vitreous  and  water  Figure  7  shows  the  spot  sizes  calculated  for  both  probes  at  their  focal  points.  Figure  8 
shows  die  beam  diameter  calculated  for  each  probe  at  a  far-field  distance  from  the  back  surface  of  the 
GRIN  lens.  Figure  9  shows  die  radiant  exposure  calculated  at  different  points  along  the  optical  axis  of  the 
GRIN  lens  at  the  EDjq  and  ED^  energy  levels  and  the  calculated  retin^  maximum  permissible  exposure 
without  the  optical  gain  of  the  eye^^. 


Figure  7:  Spot  Size  for  Probe  1  and  Probe  2  at  their  focai  points 
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Radiant  Eiponre  (J/cni^2) 


I 

Energy  (J) 


Knife  Edge  (mm) 

Figure  8:  Spot  size  for  Probe  1  and  Probe  2  for  from  GRIN  lens 


Figure  9:  Radiant  Exposure  calculations  firom  spot  size  measurements 
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6.4  Fimctioiial  capabilities 

We  demonstrated  that  probe  1  could  produce  ED^  for  LIB  in  water  and  vitreous  at  laser  levels 
below  that  of  lens  damage.  Plasma  formation  was  videorecorded  on  VHS  videoti^.  Images  of  die 
plasma  were  observed  to  occur  at  approximately  0.6  mm  from  the  output  surface  of  the  GRIN  lens 
(Figure  10).  This  was  1/2  the  distance  predicted  ^  L2  (Table  I)  yet  was  twice  die  distance  predicted  by 
the  spot  size  measurements  (Figure  7).  The  videoimage  may.  however,  erroneously  predict  the  location 
of  LIB,  due  to  camera  pixel  saturation  and  because  the  image  documents  longer  time  frame  events 
occurring  after  LIB. 

The  functional  ct^bility  of  probe  1  was  further  demonstrated  by  testing  the  probe  on  a  clear 
collagen  sheet  (  Bio-Cor  72  hour  Collagen  Corneal  Shield,  Bausch  and  Lomb)  held  by  a  flexible  metal 
suspender  immersed  m  water  adjacent  to  the  probe  tip.  With  energy  of  1.2  to  2.2  mJ,  numerous  holes 
were  created  in  the  sheet.  Rupture  sites  were  viewed  with  a  light  microscope  at  400X,  and  demonstrated 
a  star  shaped  rupture  site  in  the  sheet  (Figure  1 1). 

Probe  2  is  awaiting  further  testing. 


F^urelO:  Plasma  Formatioa  at  the  distal  tip  of  the  GRIN  lens 


6.5  Discussion 

One  of  the  concerns  widi  the  use  of  laser  cutting  tools  near  die  retina  is  the  hazard  from  laser 
energy  transmitted  past  the  treatment  site  to  the  underlying  retina  and  RPE.  Absorption  of  diis  energy  ty 
the  retina  and  RPE  may  cause  damage.  With  probe  1  we  measured  the  radiant  exposure  at  selected 
distances  posterior  to  tte  focal  area  (Figure  9)  and  demonstrated  a  significant  drqi  in  radiant  exposure 
over  the  first  2(X)  pm  beyond  the  focal  area.  Further,  the  radiant  exposure  was  seen  to  dn^  below  die 
MPE  levels  for  1064  nm  laser  energy  for  points  greater  than  S(X)  pm  from  die  focal  area. 
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Figure  11:  Star  shaped  damage  to  collagen  shield 
(▼lew  parallel  to  the  laser  propagation  direction) 


6.6  Future  refinements 

There  are  many  advantages  to  using  diis  device  in  laser  surgery.  It  is  very  easy  to  control  the 
laser  light  widi  this  instrument  Light  is  focused  rapidly,  and  diverged  rapidly.  Thus  die  device  can  be 
used  close  to  the  retina.  It  can  be  used  widi  existing  ophdialinic  laser  systems.  It  is  small  enou^  to  be 
inserted  into  the  eye.  In  addition,  it  is  inexpoisive  and  can  be  disposable.  Moreover,  die  abOlQ'  to  place 
the  LIB  site  anyudwre  in  the  eye  may  lead  to  future  qiplication.  One  disadvantage  of  die  device  is  it  is 
easfly  damaged  if  the  UB  threshold  is  exceeded  by  a  ^e  amount  This  can  be  controlled  by  setting  die 
energy  to  a  level  slighdy  larger  dian  the  LIB  threstold  but  below  die  damage  threshold. 

There  are  many  future  refinements  to  be  considered  for  diis  system.  Some  might  involve 
consideration  of  alternative  wavelengdis  and  pulsewiddis  with  tqiptoptiately  matched  fibers  and  GRIN 
lenses.  Others  might  involve  selection  of  different  GRIN  lens  parameters  to  provide  better  focusing. 
Spherical  aberrations  might  be  reduced  and  dius  a  tighter  focus  attained  by  using  a  plano-convex  CHUN 
lens  that  has  a  curved  surface  on  <«e  end.  A  Iras  of  diameter  1.0  mm  can  be  used  to  make  the  probe  evra 
smaller  for  entry  into  the  eye  via  typical  surgical  sderotomies  of  ^proximately  1  mm.  The  smaller  die 
device,  the  less  collateral  damage  the  instrument  will  induce.  Finally,  with  fiber  tedmology  progressing 
at  trqnd  speed,  more  efficient  fibers  or  fibers  with  higher  damage  dnesholds  may  be  used  for  die  high 
energies  required. 

Other  LIB  effects,  such  as  shock  wave  genoatkm  and  bubble  formation,  need  to  be  studied  to 
assess  any  danger  in  causing  LIB  so  close  to  die  retina.  This  pqper  only  covered  one,  the  irtadiance 
thresholds  calculated  from  qiot  size  and  energy  measurements.  Future  experiments  are  planned  for 
performing  this  Qqie  of  surgery  widi  die  device  insoted  into  a  rabbit's  or  many's  eyt  to  determine  die 
feasibility  of  using  this  device  for  human  laser  surgery.  Preliminatymeasuremrats  show  a  lot  of  promise. 
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